We present the photoelectron spectra of negatively charged cesium iodide nanocrystals recorded using 2.540 eV photons. The species examined were produced using an inert gas condensation cluster ion source, and they ranged in size from ͑CsI͒ nϭ13 gives a straight line extrapolating ͑at n Ϫ1/3 ϭ0, i.e., nϭϱ͒ to 2.2 eV, the photoelectric threshold energy for F centers in bulk cesium iodide. The linear extrapolation of the cluster anion data to the corresponding bulk property implies that the electron localization in these gas-phase nanocrystals is qualitatively similar to that of F centers in extended alkali halide crystals. These negatively charged cesium iodide nanocrystals are thus shown to support embryonic forms of F centers, which mature with increasing cluster size toward condensed phase impurity centers. Under an alternative set of source conditions, nanocrystals were produced which showed significantly lower photodetachment thresholds than the aforementioned F-center cluster anions. For these species, containing 83-131 atoms, a plot of their cluster anion photodetachment threshold energies versus n Ϫ1/3 gives a straight line which extrapolates to 1.4 eV. This value is in accord with the expected photoelectric threshold energy for FЈ centers in bulk cesium iodide, i.e., color centers with two excess electrons in a single defect site. These nanocrystals are interpreted to be the embryonic FЈ-center containing species, Cs͑CsI͒ nϭ41Ϫ65 Ϫ .
I. INTRODUCTION
Alkali halide clusters have been studied extensively due in part to the simple nature of the ionic bonding exhibited in these systems. 1, 2 The most thoroughly studied class of alkali halide clusters are the fully ionic clusters, i.e., species composed entirely of M ϩ and X Ϫ ions, such as ͑MX͒ n , M ϩ ͑MX͒ n , and X Ϫ ͑MX͒ n . 3, 4 The results of mass spectrometric abundance studies on charged alkali halide clusters, [5] [6] [7] [8] [9] [10] [11] [12] [13] together with more recent reactivity studies 14 and ultraviolet absorption studies, 15 indicate that fully ionic alkali halide clusters have a strong tendency to take on cuboidal nanocrystal arrangements that resemble portions of bulk simple-cubic, rocksalt lattices. The study of these species has made a substantial contribution to our understanding of how crystalline structures emerge at small cluster sizes, and accordingly are being used as model systems for examining other structural aspects of nanocrystals. 16 Alkali halide clusters possessing excess electrons not associated with halogen anions constitute another class of alkali halide clusters. The interaction of excess electrons with alkali halide nanocrystals has been the subject of several theoretical studies. [17] [18] [19] [20] [21] Calculations by Landman, Scharf, and Jortner first considered the interaction of excess electrons with sodium halide clusters at finite temperatures. 17 Several possible outcomes for excess electron localization were predicted, including the localization of electrons in halogen anion vacancies, analogous to F-center localization in bulk alkali halide crystals. [22] [23] [24] [25] The results of ionization potential measurements 26 and optical absorption experiments 27 on neutral excess electron alkali halide clusters ͑nр30͒ by Whetten and co-workers were found to be supportive of these theoretical predictions.
Negatively charged alkali halide clusters having excess electrons not associated with halogen anions are either stoichiometric cluster anions, ͑MX͒ n Ϫ , with single excess electrons, or excess metal cluster anions, M m ͑MX͒ n Ϫ , with multiple excess electrons. Such alkali halide cluster anions have been investigated via negative ion photoelectron spectroscopy in experiments by Miller . From the photoelectron spectra and accompanying calculations, ͑KI͒ 13 Ϫ and ͑NaCl͒ 13 Ϫ were interpreted as being F-center species having 3ϫ3ϫ3 cubic arrangements ͑with single excess electrons occupying corner anion vacancies͒, while ͑NaCl͒ 22 Ϫ was likewise proposed to be a corner F-center species with a 3ϫ3ϫ5 structure. For K 1,2 ͑KI͒ nр13 Ϫ and Na͑NaCl͒ nр21 Ϫ , it was proposed that their multiple excess electrons could be localized, depending on the specific cluster anion size, separately in different F-center sites, or together as spin pairs in M Ϫ sites analogous to bipolarons in bulk crystals. In addition, for certain small Na͑NaCl͒ n Ϫ cluster anions, it was proposed that two excess electrons could be localized together in single anion vacancies as FЈ centers. 33 Here, we present the visible photoelectron spectra of negatively charged cesium iodide nanocrystals containing between 26 and 330 atoms. The present study is complimentary to the aforementioned studies on smaller excess electron alkali halide cluster anions, examining a cluster anion size a͒ Present address: US Naval Research Laboratory, Washington, DC 20375. b͒ Author to whom all correspondence should be addressed. range extending to substantially larger sizes than those previously investigated. The approach taken here allows different types of electron binding behavior in these nanocrystals to be identified, tracked as functions of cluster size, and subsequently correlated with excess electron localization mechanisms found in the corresponding bulk crystals. The correlations with bulk observed in this work provide evidence for the existence of two types of embryonic color centers in negatively charged CsI nanocrystals, i.e., F centers ͑one excess electron trapped in an anion vacancy͒ and FЈ centers ͑two excess electrons in a single vacancy͒.
II. EXPERIMENTAL METHOD
Negative ion photoelectron spectroscopy is conducted by crossing a mass-selected beam of negative ions with a fixedfrequency photon beam and energy analyzing the resultant photodetached electrons. Our negative ion photoelectron spectrometer has been described previously. 34 Anions generated in an appropriate ion source ͑see below͒ are accelerated, collimated, and transported via a series of ion optical components, before being mass selected with an EϫB Wien velocity filter. The mass-selected ion beam is then focused into a field-free, collision-free interaction region, where it is crossed with the intracavity photon beam of an argon ion laser operated at 488 nm ͑2.540 eV͒ and circulating powers of ϳ100 W. A small solid angle of the resulting photodetached electrons is accepted into the input optics of a magnetically shielded, hemispherical electron energy analyzer, where the electrons are energy analyzed and counted. Photoelectron spectra were calibrated by recording spectra of O Ϫ generated in a secondary beam, introduced only when the main beam was not in operation.
Although unit cluster anion mass selectivity was not achieved over much of the cluster anion mass distribution due to the large cluster anion masses involved ͑3380-42 900 amu͒, the accuracy of the mass calibrations was easily sufficient to determine the cluster sizes of the largest cesium iodide cluster anions to within a few CsI units. This was facilitated by the fact that both Cs and I occur naturally as single isotopes. In addition, the spectral shifts between the photoelectron spectra of adjacent-sized cesium iodide nanocrystal anions of a given type are rather small, so that contributions from adjacent cluster anions do not significantly alter the spectrum of a given cluster anion.
III. CESIUM IODIDE CLUSTER ANION GENERATION AND INITIAL CHARACTERIZATION
Beams of cesium iodide cluster anions with masses extending well beyond 50 000 amu were generated using our inert gas condensation cluster ion source. 35 In the past, inert gas condensation has been employed by Martin 11, 36, 37 and by Sattler, Recknagel, and co-workers 12, 38 to generate beams of neutral and cationic alkali halide clusters. In our ion source, an oven evaporates the material of interest into a cell containing cool helium gas. The vapor supersaturates in this cool environment and nucleates, forming nanometer-sized clusters. The condensation cell is coupled to high vacuum by a small aperture, resulting in a helium flow which entrains the nanoclusters and transports them into vacuum via a rather weak supersonic expansion. A negatively biased hot thoriated iridium filament located on the high vacuum side of the condensation cell aperture serves as a thermionic cathode, creating a discharge in the environment of the expanding jet where negative ions are generated. The resulting plasma is confined by a predominantly axial magnetic field created via six cylindrical rare earth magnets.
Typical source conditions in these experiments included cathode bias voltages of Ϫ60 V with filament emission currents of 2-4 mA. Plasma environments similar to those in this ion source are known to possess high densities ͑10 11 -10 13 cm
Ϫ3
͒ of very low energy electrons in addition to the primary electrons emitted directly from the cathode. 39 The electron energy distributions within such plasmas have been examined via probe measurements 39, 40 which show that even under widely varying conditions, the majority of electrons are low energy thermal electrons, with characteristic temperatures of a few electron volts. In addition, it was discovered that the number of thermal electrons in such discharges often exceeds the number of primary electrons by a factor of 10 3 . These findings suggest that negative ion production in the inert gas condensation ion source most likely proceeds by the attachment of thermal electrons in the source plasma to neutral clusters formed in the condensation cell.
In the experiments reported here, cesium iodide cluster anions were produced by operating the inert gas condensation portion of the source under two different sets of source conditions. In both source condition modes, cesium iodide salt ͑99.99%, Aldrich͒ was first thoroughly outgassed at 500 K, and then evaporated from a resistively heated stainless steel crucible. 41, 42 The vapor was quenched in helium ͑99.99%͒ at 273 K in a condensation cell fitted with a 1.5 mm aperture. In one source condition mode ͑source mode 1͒, the crucible was maintained at a temperature of 1090 K, corresponding to a cesium iodide equilibrium vapor pressure of ϳ2 Torr, 43 and the condensation cell pressure was maintained at approximately 10 Torr. In the other source condition mode used here ͑source mode 2͒, the crucible was heated with 1.25 times the power used in source mode 1. This resulted in a crucible temperature of 1170 K, corresponding to a cesium iodide equilibrium vapor pressure of ϳ10 Torr. The condensation cell pressure in this case was approximately 5.5 Torr.
The cesium iodide cluster anion size distributions generated in both modes of operation appeared to be similar, consisting mostly of large cluster anions. Although the fully ionic cluster anions, X Ϫ ͑MX͒ n , have been found to be the most readily generated alkali halide cluster anions in both ion bombardment [5] [6] [7] [8] [9] [10] and laser vaporization environments, 3, 4, 13 and they may well be formed in our source, they are not of concern in these experiments. Visible photons cannot photodetach electrons from fully ionic alkali halide cluster anions since this process would amount to the removal of an electron from an atomic iodine anion within the nanocrystal. The energy required for this process falls between the electron affinity of the iodine atom, 3.06 eV, 44 and the photon energy required to remove an electron from the valence band ͑iodine p band͒ of bulk CsI into vacuum, 6.4 eV. [45] [46] [47] The energy to photodetach I Ϫ ͑CsI͒ 13 has been bracketed between 5.0 and 6.4 eV in photon energy studies by Whetten and co-workers. 48 The negatively charged cesium iodide nanocrystals of interest in the present study do photodetach at visible wavelengths, with the sizes of their photodetachment signals suggesting that the dominant anions generated in this source are not fully ionic species. Probably, any species not photodetaching at visible wavelengths ͓e.g., I
Ϫ ͑CsI͒ n ͔ account for only a minor portion of the total ion beam intensity. The predominant species produced here possess excess electrons not associated with I Ϫ ions in the nanocrystals, and thus have loosely bound excess electrons, corresponding either to ͑CsI͒ n Ϫ or Cs m ͑CsI͒ n Ϫ . Even though ͑MX͒ n Ϫ is not the lowest energy form for an anionic alkali halide nanocrystal, the preferential generation of stoichiometric cluster anions via inert gas condensation is easy to understand. Before it is quenched, the cesium iodide vapor is known to be comprised primarily of CsI molecules, along with substantially smaller amounts of ͑CsI͒ 2 , ͑CsI͒ 3 , and ͑CsI͒ 4 . 38, 43 Since this vapor will not contain atomic species from dissociation ͑at the crucible temperatures employed in this work͒, the neutral clusters from its condensation are likely to be stoichiometric in CsI. This is supported by the results of electron impact mass spectrometric studies by Pflaum, Sattler, and Recknagel 38 on cesium iodide clusters produced from inert gas condensation. Their study showed that nearly all cations produced were stoichiometric cluster ions, ͑CsI͒ n ϩ , when low energy electrons ͑Ͻ10 eV͒ were used for ionization.
In the present study, mass spectra recorded in source mode 1 revealed intense beams of large cluster anions ͑nу25͒ having lognormal intensity distributions reflecting the homogeneous nucleation conditions in the condensation cell. 49 Three smaller cluster anions, I
Ϫ ͑CsI͒ 12 , ͑CsI͒ 13 Ϫ , and I Ϫ ͑CsI͒ 13 , were generated under a narrow range of source conditions which were intermediate between source modes 1 and 2, and which utilized a larger than typical cathode bias voltage ͑Ϫ110 V͒. The nonstoichiometric species were determined to be fully ionic cluster anions ͓rather than the corresponding Cs͑CsI͒ n Ϫ species of similar mass͔ since they did not photodetach at visible photon energies. Mass spectra recorded in source mode 2 appeared similar to those of source mode 1, but also included I Ϫ peaks ͑at ϳ5%-10% of the currents for cesium iodide cluster anions͒ which were found to grow with increasing crucible temperature.
The above information suggests that the negatively charged cesium iodide nanocrystals generated in source mode 1 were primarily the stoichiometric cluster anions, ͑CsI͒ n Ϫ , while in source mode 2 the stoichiometric cluster anions were accompanied by the nonstoichiometric species, Cs m ͑CsI͒ n Ϫ . The presence of I Ϫ in the source mode 2 mass spectra probably indicates that I atoms had dissociated from some of the nanocrystal anions and were subsequently converted to I Ϫ via electron attachment. This would have occurred by means of a nonevaporative mechanism, most likely during negative ion formation, since thermal evaporation of cesium iodide at the modest crucible temperatures utilized should not have yielded atomic species.
Nonthermal loss of halogen atoms is known to occur in bulk metal halide systems from exposure to ultraviolet photons or to energetic electrons. 50 In cluster systems, Whetten and co-workers 48 have observed photon-stimulated ejection of halogen atoms from charged alkali halide nanocrystals. In addition, Recknagel and co-workers 12 addressed this issue in electron impact studies on sodium halide clusters produced via inert gas condensation. In their study, the dominant species in the cation mass spectra changed from the fully ionic Na ϩ ͑NaX͒ n species to the stoichiometric species, ͑NaX͒ n ϩ , upon decreasing the temperature of the quench gas ͑using 13 eV electrons for ionization in both cases͒. Since the thermal evaporation of alkali halide salts at the temperatures typically employed in inert gas condensation is known to yield only intact alkali halide molecules and some small molecular clusters, 43 the results of Recknagel and co-workers indicate that even though the loss of neutral halogen atoms is a nonthermal process, it is nevertheless dependent on the cluster internal temperature prior to ionization. This result is consistent with the observations reported here. Although similar supersaturation conditions were achieved in both modes in the present experiments, the clusters produced in source mode 2 were formed using higher crucible temperatures and lower condensation cell pressures than those used in source mode 1. Thus, clusters produced in source mode 2 should have had higher internal temperatures prior to their ionization. This is consistent with the appearance of I Ϫ in the source mode 2 mass spectra and not in the source mode 1 mass spectra. The loss of iodine by some of the cluster anions produced in source mode 2 resulted in their having excess Cs atoms, resulting in more than one excess electron in these anions.
To summarize, the above evidence suggests that stoichiometric cluster anions, ͑CsI͒ n Ϫ , were generated in source mode 1, while stoichiometric cluster anions as well as nonstoichiometric cluster anions, Cs m ͑CsI͒ n Ϫ , were generated in source mode 2. It is interesting to note that the other ion source which has been shown to easily generate both ͑MX͒ n Ϫ and M͑MX͒ n Ϫ species ͓along with X Ϫ ͑MX͒ n ͔ is the flowing afterglow source employed by Miller and Lineberger 28 which is also based on the thermal evaporation of alkali halide salt.
The cesium iodide cluster anion beams observed during these experiments were often very intense. Ion currents of 110 pA were measured for ͑CsI͒ 60 Ϫ in a Faraday cup located downstream of the ion-photon interaction region ͑Ͼ2 m from the source͒. This corresponds to a steady-state number density of nearly 10 5 ions cm
. To further gauge these intensities, it is instructive to compare them to the maximum ion currents expected under space-charge limited conditions. The space-charge limited current ͑in amperes͒ for a cylindrically symmetric charged particle beam is given by the following expression: 51, 52 I sc ϭ0.9ϫ10
in which N is the ion charge state, V a is the accelerating voltage ͑in volts͒, M is the ion mass ͑in amu͒, D is the nominal beam diameter, and L is the distance over which the beam is transported. Since the formation of doubly charged negative ions ͑even at large cluster sizes͒ is unlikely in the present ion source environment, Nϭ1 was assumed. Experimental conditions included an accelerating voltage, V a , of 500 V, a transport distance of 2.25 m, and a nominal beam diameter of 8 mm. This diameter is chosen to correspond to the average diameter of the ion beam determined from an ion optical ray trace of our apparatus, given that the ion beam's spatial cross section expands and contracts during transport and focusing. The space-charge limited ion current for ͑CsI͒ 60 Ϫ ͑15 600 amu͒ predicted from the above expression is 1150 pA. The observed ͑CsI͒ 60 Ϫ current constitutes nearly 10% of the space-charge limited value, suggesting that the ion beams produced in this work were beginning to approach space-charge limited conditions.
IV. PHOTOELECTRON SPECTRA AND INTERPRETATION
All of the photoelectron spectra reported here were recorded using 2.540 eV photons. The photoelectron spectra of the stoichiometric species, ͑CsI͒ nϭ13Ϫ165 Ϫ , are presented in Fig. 1 . The smallest of these species, ͑CsI͒ nϭ13 Ϫ , was generated using source conditions intermediate between those of source mode 1 and source mode 2, while the larger anions were generated in source mode 1. The photoelectron spectra shown in Fig. 1 are similar for all cluster anions, nϭ13-165, each consisting of a single feature which shifts to successively higher electron binding energies ͑EBE͒ with increasing cluster size. The low EBE onset in each spectrum is the photodetachment threshold energy ͑⑀ Th ͒ for that given cluster anion. Values for the photodetachment threshold energies, ⑀ Th 's, for these cesium iodide cluster anions were determined from linear extrapolations of the low EBE sides of the features in their photoelectron spectra, shown in Fig. 1 . The ⑀ Th 's for ͑CsI͒ nϭ13Ϫ165 Ϫ are shown in Fig. 2 plotted versus n, where n represents the number of CsI units in the cluster anion. The ⑀ Th 's for these anions increase smoothly from 1.14 eV for nϭ13 to 1.75 eV for nϭ165. Initially, the ⑀ Th values rise rapidly with increasing cluster size and then appear to approach an asymptotic limit. In order to correlate the electron binding energies in these negatively charged cesium iodide nanocrystals with an excess electron binding mechanism found in extended ionic solids, it is necessary to evaluate the asymptotic limit of the photodetachment threshold energies.
The size-dependent evolution of electron binding energies ͑ionization potentials or electron affinities͒ for finitesized metal and dielectric clusters has been evaluated using classical electrostatic models. [53] [54] [55] [56] [57] The observed size dependencies of cluster electron binding energies are generally in very good agreement ͑apart from rather small cluster sizes͒ with classical models which predict that electron binding energies will increase linearly toward the corresponding bulk energy value as a function of R
Ϫ1
, where R is the radius of a spherical cluster. The specific details of nanocrystal geometries are not taken into account in this model in order to display the essentials of this physical behavior. Examining the variation of ⑀ Th with R Ϫ1 is accomplished by plotting ⑀ Th (n) vs n
, where the number of CsI units in the cluster, n, is related to the spherical cluster radius by Rϭr s n
͑where r s is the effective radius of a single CsI pair͒. Plotting Ϫ and negatively charged cesium iodide nanocrystals containing 36 -165 CsI units, recorded using 2.540 eV photons. ͑CsI͒ 13 Ϫ was generated using source conditions intermediate between source modes 1 and 2. The condensation cell in the inert gas condensation ion source was operated in source mode 1 during the recording of the nϭ36 -165 spectra ͑nϭnumber of CsI units͒. For species larger than nϭ36, the spectral features are attenuated at high EBEs due to the transmission function of the electron energy analyzer. the data in this manner clearly illustrates the asymptotic behavior of the photodetachment threshold energies, as the intercept of this plot represents the ⑀ Th at infinite cluster size. This essentially corresponds to the bulk crystalline photoelectric threshold corresponding to the mechanism of excess electron localization in the cluster anions.
A plot of cesium iodide cluster anion ⑀ Th values versus n Ϫ1/3 is presented in Fig. 3 . The ⑀ Th values for all these cesium iodide cluster anions, nϭ13-165, plot linearly with n Ϫ1/3 , giving a very good straight line extrapolating to a bulk ⑀ Th ͑nϭϱ͒ value of 2.2 eV. This energy corresponds to the 2.2 eV photoelectric threshold measured by Philipp and Taft for F centers in bulk cesium iodide samples at 300 K. 47 The internal temperatures of the cluster anions were also likely to be ϳ300 K, given that the internal temperatures of the neutral clusters were ϳ273 K ͑see source condition discussion above͒. This made the comparison between our extrapolated ⑀ Th value and the bulk photoelectric threshold value straightforward, given that thresholds can be somewhat dependent on the temperatures at which they are measured. The linear extrapolation of the cluster anion data to the analogous bulk property implies that the electron localization in these gasphase nanocrystals is analogous to F centers in extended alkali halide crystals. These negatively charged cesium iodide nanocrystals are thus identified as stoichiometric ͑CsI͒ nϭ13 -165 Ϫ species containing single excess electrons in embryonic F centers, which mature with increasing cluster size toward being defect centers in bulk crystalline cesium iodide.
A model describing the cluster size dependence of vertical ionization energies in discrete dielectric clusters has been presented by Landman, Jortner, and co-workers. [58] [59] [60] Their dielectric sphere model applies to homogeneous dielectric media containing spherically symmetric charge distributions, and is therefore an appropriate model for F-center containing cluster anions. The expression relating photodetachment threshold energies ͑vertical electron binding energies͒ to cluster size can be written as follows:
where ⑀ Th ͑ϱ͒ corresponds to the photoelectric threshold ͑PET͒ for F centers in bulk cesium iodide, r s is the effective radius of a single CsI pair, 0 is the high frequency dielectric constant of bulk cesium iodide, s is the static dielectric constant of bulk cesium iodide, and n is the number of CsI units. If the PET measured by Philipp and Taft ͑2.2 eV͒, 47 an r s value obtained from the bulk density of crystalline CsI ͑2.84 Å͒, 61 and the literature values for 0 ͑3.03͒ and s ͑5.65͒, 23 are used in Eq. ͑2͒, the resultant line is essentially the same as the best fit line of the experimentally determined photodetachment threshold energies shown in Fig. 3 . In fact, the ⑀ Th values predicted by this equation are all within Ϯ15 meV of the experimental values presented in Table I , with the errors given there representing the variation in ⑀ Th (n) values obtained using our linear extrapolation procedure.
The photoelectron spectra of cesium iodide nanocrystal anions with nϷ41-65, generated in source mode 2, are presented in Fig. 4͑a͒ . The photoelectron spectra of the F-center cluster anions of similar size ͑generated in source mode 1͒ are also shown in Fig. 4 for comparison ͓see Fig. 4͑b͔͒ . The spectra for the anions produced in source mode 2 are different from those of the source mode 1 anions in that they display two features which shift together to successively higher EBE with increasing cluster size. The higher EBE features in the source mode 2 spectra are very similar to the features in the source mode 1 spectra ͑which was confirmed by deconvoluting the features in the source mode 2 spectra into two separate Gaussians͒, while the lower EBE features indicate that a new mechanism of excess electron binding is occurring for the species generated in source mode 2. In addition, the relative intensities of the features in a given photoelectron spectrum were found to be strongly dependent on the source crucible temperature, as is illustrated in Fig. 5 for the case of nϷ60. This type of temperature-dependent behavior can be interpreted to indicate either the presence of new forms of ͑CsI͒ nϭ41 -65 Ϫ that were not produced in source mode 1, or the appearance of new nanocrystal anions with slightly different stoichiometries than those generated in source mode 1. The mass spectrometric observation of I Ϫ during source mode 2 suggests that the species responsible , where n is the number of CsI units. The line drawn through the data points represents a linear least-squares fit to the experimental data. for the low EBE features in the photoelectron spectra are nonstoichiometric cesium iodide cluster anions. The cluster size dependence of the photodetachment threshold energies for the low EBE features reveals the nature of the excess electron binding in these nanocrystals. The ⑀ Th values for the source mode 2 cesium iodide cluster anions were determined from linear extrapolations of the low EBE sides of the low EBE features in their photoelectron spectra. A plot of the source mode 2 cesium iodide cluster anion ⑀ Th values versus n Ϫ1/3 is presented in Fig. 6 , along with a plot of the ͑CsI͒ nϭ13 -165
. The ⑀ Th values for all four source mode 2 cesium iodide cluster anions, nϷ41-65, also plot linearly with n Ϫ1/3
. The slope of the source mode 2 line is very similar to that for the F-center cluster anions, but extrapolates to a bulk ⑀ Th ͑nϭϱ͒ value of 1.4 eV. This energy is consistent with the PET expected for FЈ centers ͑two excess electrons in a single defect site͒ in bulk CsI.
Although direct measurements of the PET for FЈ centers in bulk CsI have not been made, this quantity can be estimated by considering either the experimentally determined PETs for FЈ centers in other alkali iodides or the energy band structure of cesium iodide. PETs have been measured for FЈ centers in KI 62 and RbI, 63 both values being 1.6 eV. The PET is expected to be a little smaller in the case of CsI since its bulk crystal has a larger lattice constant than the other iodides, and this is consistent with the extrapolated value in Fig. 6 . The PET for FЈ centers in bulk CsI can also be estimated using the FЈ-center photoconductivity threshold ͑PCT͒ and the band structure of bulk CsI. The band structure of crystalline ͑pure͒ CsI is illustrated schematically in Fig. 7 with the F-center and FЈ-center impurity states superimposed. The PCT represents the energy required to promote an electron from a defect state to the bottom of the conduction band ͑i.e., the optical activation energy͒. For FЈ centers in most alkali halides, this energy is approximately 1 eV. 64 The PET is obtained by adding the PCT to the energy required to remove an electron from the bottom of the conduction band into vacuum. This latter quantity is referred to as the bulk ͑crystalline͒ electron affinity, ͑determined from the energy difference between the valence band photoemission threshold and the band gap͒, and for CsI, it is 0.3 eV. 45 The PET obtained from the sum of the PCT and is 1.3 eV, and this compares well with our extrapolated value of 1.4 eV. Thus, both methods of estimation yield numbers consistent with our extrapolated value.
The nanocrystals giving rise to the low EBE features in the source mode 2 photoelectron spectra are therefore interpreted to be embryonic FЈ-center containing species. We fur- FIG. 4 . Photoelectron spectra of negatively charged cesium iodide nanocrystals, nϷ41-65, recorded using 2.540 eV photons. The spectra denoted ͑a͒ were recorded with the condensation cell of the inert gas condensation ion source operated in source mode 2, while the spectra denoted ͑b͒ are of the ͑CsI͒ n Ϫ nanocrystals containing embryonic F centers ͑see Fig. 1͒ .
FIG. 5. Photoelectron spectra of cesium iodide nanocrystals nϷ60
recorded under different source conditions using 2.540 eV photons. Spectrum ͑a͒ was recorded in source mode 1 of the ion source at the lowest crucible temperature and highest cell pressure while spectrum ͑c͒ was recorded in source mode 2 at the highest crucible temperature and lowest cell pressure. Spectrum ͑b͒ was recorded at an intermediate crucible temperature and intermediate cell pressure.
ther interpret these species to be cesium iodide nanocrystals having excess metal atoms, consistent with our deductions based on the ion production information for source mode 2.
The most likely candidates are Cs͑CsI͒ n Ϫ species, cluster anions which possess two excess electrons. The ⑀ Th values for embryonic FЈ centers in these nanocrystals are presented in Table II . It is interesting to note that the formation of embryonic FЈ centers in cesium iodide nanocrystals in this study begins with neutral clusters whose internal temperatures are higher than those of the clusters which eventually become F-center species after negative ion formation. At first sight, this is somewhat unexpected, considering that the formation of FЈ centers in bulk alkali halides is usually associated with cryogenic environments. 22, 62, 63 The generation of embryonic FЈ centers here can be understood, however, by realizing that the loss of iodine will not only provide the nanocrystals with excess electrons ͑via extra metal atoms͒, but may also serve to decrease the internal energies of the nanocrystals.
In our analysis of the source mode 2 photoelectron spectra, we considered several alternative explanations for the presence of the low EBE features, but none was found to be satisfactory. For example, embryonic FЈ centers might exist within doubly charged stoichiometric cluster anions, ͑CsI͒ n ϭ , but available evidence suggests that such species were not produced in these experiments. If ͑CsI͒ n ϭ had been produced and then given rise to the low EBE features in the source mode 2 photoelectron spectra, analogous features would probably have appeared in the source mode 1 spectra as well. Since the cluster formation and ionization regions of the ion source are largely separate, the intensities of low EBE features arising from doubly charged anions would depend on the source conditions relevant to ion formation rather than on crucible temperature, as was actually observed. In addition, the ion source conditions most relevant to ion formation ͑i.e., the cathode bias and emission current͒ were the same for both modes. Another explanation we considered for the low EBE features was that they resulted from the photodetachment of electronically excited F centers in stoichiometric cesium iodide cluster anions. It is unlikely, however, that such species would have been present in the ion-photon interaction region, since luminescence to the F-center electronic ground state in bulk cesium iodide occurs on a time scale over 10 times faster than the ion transit time in our apparatus. 65 This possibility also seems unlikely on the basis of energetics. The energy required to promote an electron from an excited state F center into the conduction band of bulk cesium iodide is 0.052 eV. 66 The PET for excited state F centers in bulk cesium iodide is therefore expected to be only 0.352 eV, which is inconsistent with the extrapolated ⑀ Th value for the low EBE features. The possibility that the low EBE features might have resulted from the photodetachment of electrons loosely bound in the lowest unoccupied molecular orbitals ͑LUMOs͒ of closed-shell cesium iodide nanocrystals was also considered. Since the unoccupied orbitals of the clusters will eventually develop into the conduc- tion band of the bulk as cluster size increases, the upper limit to the binding energy in this case would be the crystalline electron affinity, . As stated, this quantity is 0.3 eV for cesium iodide. This energy is again inconsistent with our extrapolated ⑀ Th value for the low EBE features, which points to stronger electron binding. Having ascribed the low EBE features in the source mode 2 photoelectron spectra to embryonic FЈ centers in Cs͑CsI͒ n Ϫ , the origin of the high EBE features is now considered. As mentioned, the high EBE features are very similar ͑if not identical͒ to the features in the source mode 1 spectra, implying that they result from the photodetachment of electrons from embryonic F-center environments. These high EBE features can therefore be attributed to photodetachment from one of two separate F centers within a given Cs͑CsI͒ n Ϫ cluster anion, to spectral contributions from adjacent-sized stoichiometric cluster anions, or to both. In cluster anions of the sizes considered here, F centers in different nanocrystal sites are likely to have similar photodetachment threshold energies, in contrast with small cluster anions ͑nр13͒ where different binding sites are more likely to have dissimilar local environments. 32, 33 The interpretation presented above satisfactorily accounts for all of the observed features in the cesium iodide cluster anion photoelectron spectra.
Last, it should be noted that multiple excess electron binding in the form of tightly bound spin pairs in M Ϫ sites ͓for K͑KI͒ nр21 Ϫ and Na͑NaCl͒ nр21 Ϫ ͔ has also been reported. 29, 32, 33 If such binding also occurs in the case of cesium iodide cluster anions, the relevant photoelectron features are either out of our spectral range or obscured by the main features discussed above.
V. DISCUSSION
The success of the dielectric sphere model in predicting the F-center CsI nanocrystal ⑀ Th ͑photodetachment threshold energy͒ values suggests the further application of such models to estimate additional properties of defect state alkali halide nanocrystals. Before we proceed, however, several aspects of this model pertaining to cesium iodide cluster anions in particular should be discussed. The ability of this simple model to so closely predict the F-center CsI nanocrystal ⑀ Th values is at first sight surprising, since the cesium iodide nanocrystal structures are likely to be rocksaltlike, while the bulk crystal structure of CsI is bcc rather than fcc. Li and Whetten have considered the structure of fcc cesium iodide based on ionic radii and found that the fcc lattice constant would be close to the actual bcc constant. 15 In light of this, it is reasonable to assume that the densities and dielectric properties of fcc and bcc CsI would be similar, and this may partially account for the match between the energies predicted by the model and the observed ⑀ Th values.
The ability of the dielectric sphere model to predict the ⑀ Th of ͑CsI͒ 13 Ϫ is also somewhat intriguing. The ͑MX͒ 13 Ϫ species are expected to have 3ϫ3ϫ3 arrangements analogous to the X Ϫ ͑MX͒ 13 nanocrystals, but with the excess electron taking the place of a corner halogen anion, 4, 29, 31 i.e., ͑CsI͒ 13 Ϫ is expected to possess a localized surface F center. Since the dielectric sphere model given above applies strictly to localized excess charge distributions internalized in homogeneous dielectric clusters, it is not immediately apparent that surface-localized electrons would be adequately described by the model. This situation was recently examined in a theoretical study by Makov and Nitzan, 67 who developed a model that specifically applies to the ionization of localized charges ''solvated'' at dielectric cluster surfaces. Their model not only predicts an n Ϫ1/3 ͑i.e., R
Ϫ1
͒ dependence, just as the sphere model described above, but further predicts the slope of the n Ϫ1/3 line to be insensitive to the actual location of the excess charge. Thus, the adherence of the ⑀ Th value of ͑CsI͒ 13 Ϫ to the dielectric sphere line simply indicates that this anion possesses an embryonic F center, regardless of the particular position of the localized excess electron.
With this result in hand, we then used the dielectric sphere model with the measured PET of F centers in KI, 62, 69 the dielectric constants of KI, 23 and an r s value from the bulk density of KI 61 to predict the ⑀ Th of ͑KI͒ 13 Ϫ which has been measured by Bloomfield and Smalley. 29 This method predicts an ⑀ Th value of 1.53 eV, in very good agreement with the threshold in their experimental spectrum, lending additional support to their interpretation of this anion as an F-center species. On the strength of the model in predicting the ⑀ Th values for both ͑CsI͒ 13 Ϫ and ͑KI͒ 13 Ϫ , we went on to apply this model to estimate F-center ⑀ Th values in cluster anions of other alkali halides. The PETs for F centers in several bulk alkali halides ͑KI, RbI, and CsI͒ 47,62,68 -70 have been measured, and PET values for F centers in other bulk alkali halides can be estimated in the following manner. The ratio of the experimentally determined PET for F centers in KI 62 to that for F centers in RbI 70 can be very accurately predicted by taking the ratio of the magnitudes of the total energies for these F centers, calculated using a point-ion model with ion-size corrections. 64 Using this correlation, the PET for F centers in a given alkali halide can be estimated by scaling the PET value measured for F centers in KI by the ratio of the computed total energy for F centers in that alkali halide to that for F centers in KI.
The case of NaCl is first examined since experiments have been carried out on ͑NaCl͒ nр22 Ϫ by Bloomfield and co-workers 31 who interpreted both the nϭ13 and nϭ22 cluster anions to be F-center species ͑3ϫ3ϫ3 and 3ϫ3ϫ5, respectively͒ in which the excess electrons reside in corner anion vacancies. Using the above procedure, the scaled PET for F centers in bulk NaCl is found to be 2.96 eV. Using this PET and the other constants for bulk NaCl in the dielectric sphere model, the ⑀ Th for ͑NaCl͒ 13 Ϫ is estimated to be 1.45 eV, while the ⑀ Th for ͑NaCl͒ 22 Ϫ is estimated to be 1.69 eV. Both estimates are in very good agreement with the observed thresholds in the photoelectron spectra, and again add support to the interpretation of these cluster anions as F-center species. The repeated success of this approach suggests that the ⑀ Th 's of other ͑MX͒ 13 Ϫ F-center species can be estimated in an analogous fashion. The ⑀ Th values for the ͑MX͒ 13 Ϫ species for a variety of alkali halides estimated from the dielectric cluster model using bulk dielectric constants and scaled bulk F-center PET's are given in Table III. A dielectric sphere model approach can also be used to estimate the adiabatic electron affinities of cesium iodide clusters containing defect centers. The term electron affinity is used here to describe the adiabatic binding energies of electrons in defect ͑impurity͒ state cluster anions, which is different from its previous use to describe the electron binding energy of the pure crystalline solid, . In addition, it should be noted that the adiabatic electron affinities of cesium iodide cluster anions should not necessarily correspond to their ⑀ Th values, as the latter are determined by vertical energy relationships. The dielectric sphere model equation for adiabatic electron affinities ͑accompanying the vertical expression presented above͒ is [58] [59] [60] EA͑n ͒ϭEA͑ ϱ ͒Ϫ e where EA͑ϱ͒ corresponds to the threshold for the thermionic emission of electrons from F centers in bulk CsI. Since no measurements of this quantity are available, this quantity must be estimated. The bulk thermionic emission threshold ͑TET͒ can be estimated using a simple impurity center cavity model 23 and the bulk PET value. In this model for ionic crystals, the PETϳe 2 /2 0 R c , while the TETϳe 2 /2 s R c , ͑where R c is taken to be the cavity radius of the impurity center͒. The ratio of s to 0 thus gives the ratio of the TET to the PET. The derived TET is 1.2 eV, and when used in the dielectric model, the electron affinities of the neutral ͑CsI͒ n counterparts to the F-center cluster anions are estimated to range from ϳ0.3 eV for nϭ13 to ϳ0.8 eV for nϭ165.
We now turn our attention to the FЈ-center containing cesium iodide nanocrystal anions. The electron affinities of the FЈ-center containing nanocrystals can be examined in a manner analogous to that for the F-center nanocrystals. The TET for FЈ centers in CsI is roughly estimated to be 0.7 eV using the ratio of the dielectric constants and the PET for FЈ centers in CsI. Using this value in the EA dielectric sphere equation, 71 it is predicted that the electron affinities will first become positive around nϭ25 CsI units, suggesting that below this size, FЈ centers in CsI nanocrystals are not stable. Theoretical calculations by Landman on the analogous system of dielectrons in water clusters 72 find that clusters with two electrons localized in single cavities strongly prefer to have the charges internalized within the dielectric environment of the cluster. In light of this, perhaps the FЈ centers in cesium iodide nanocrystals ͑becoming stable at nϳ25͒ are internalized. In some sense, this cluster size may also represent the point at which F centers can become internalized, since they can be viewed as ''trapping sites'' for second electrons in the FЈ-center formation process.
In conclusion, it should be noted that the results of the present study are consistent both with the results of previous photoelectron experiments on smaller alkali halide cluster anions and with the theoretical predictions of Landman, Scharf, and Jortner, 17 who first postulated that excess electron localization in small alkali halide clusters could be manifested as physically similar entities to those seen in extended ionic solids.
VI. SUMMARY
The photoelectron spectra of negatively charged cesium iodide nanocrystals, recorded using 2.540 eV photons, are presented. Excess electron nanocrystals comprised of 26 to 330 atoms are examined. Depending on their formation conditions, these nanocrystals show two distinct types of photoemission behavior which indicate different modes of excess electron localization. The correlation of the observed photoemission behavior to bulk behavior provides evidence for the existence of embryonic F centers and embryonic FЈ centers in negatively charged cesium iodide nanocrystals. Stoichiometric cluster anions, ͑CsI͒ n Ϫ , containing single excess electrons can localize them in embryonic F centers, while cluster anions with two excess electrons, Cs͑CsI͒ n Ϫ , are capable of localizing these electrons together in single defect sites as embryonic FЈ centers, or separately in two embryonic F-center defects in the same cluster anion. 
